In Arabidopsis, stem cell homeostasis in the shoot apical meristem (SAM) is controlled by a feedback loop between WUS and CLV functions. We have identified WUS orthologues in maize and rice by a detailed phylogenetic analysis of the WOX gene family and subsequent cloning. A single WUS orthologue is present in the rice genome (OsWUS) whereas the allotetraploid maize genome contains two WUS paralogues (ZmWUS1 and ZmWUS2). 
Introduction
Angiosperms, flowering plants, comprise the largest group of plants today with more than 235,000 species in over 300 families, with fossil records suggesting that many of the modern families and genera may already have existed 75 million years ago. Angiosperms are considered as a monophyletic group, a true clade, comprising two classes the monocotyledons and the dicotyledons which diverged over 150 million years ago (Wikstrom and Kenrick 2001) . The monophyletic origin relative to the tremendous number of species, suggests that ancestral angiosperm genomes were prone to rapid diversification in the course of evolution.
The evolution of maize (Zea mays L.) is a special example because it was forced by human selection through domestication over the last 6000 -10000 years (reviewed in Doebley 2004) .
Maize still hybridizes with its ancestral wild teosinte relatives Z.mays. ssp parviglumis or ssp.
mexicana and pioneering genetic analyses led to the identification of few major quantitative trait loci which account for major changes in the plant architecture of maize compared to the wild species such as the maize female inflorescence, the ear being unique in the plant kingdom. Some QTLs have been resolved into individual genes often encoding transcription factors such as teosinte branched1 (tb1; Doebley, Stec, and Hubbard 1997) , teosinte glume architecture1 (tga1; Wang et al. 2005) , and zfl2 (Zea mays FLORICAULA/LEAFY2), a candidate gene for a QTL controlling ear rank differences between maize and teosinte (Bomblies et al. 2003) .
The gross morphological changes based on single loci raise the question how common are regulatory networks elaborated in the dicot model species Arabidopsis in monocots such as maize. Comparative approaches in the MADS box gene family have provided some evidence that basic principles of the ABC model of flower development such as B-function genes are conserved in angiosperms (Zahn et al. 2005 ) and applicable to maize (Whipple et al. 2004) despite the different architecture of the grass flower.
In the shoot apex, a mechanism regulating the balance between indeterminate (meristem maintenance) and determinate growth (leaf development) also appears to be ancient. KNOX (knotted1 like homeobox) genes are expressed in a meristem-specific manner and are downregulated in primordial cells (Vollbrecht et al. 1993 ) by the activity of MYB orthologues (ARP: ASYMMETRIC LEAVES1, ROUGH SHEATH2, PHANTASTICA: Byrne et al. 2000; Timmermans et al. 1999; Tsiantis et al. 1999; Waites et al. 1998 ) recently reviewed in (Piazza, Jasinski, and Tsiantis 2005) . This KNOX-ARP pathway is not only conserved between mono-and dicots but was also independently recruited into microphyll development in lycophytes (Harrison et al. 2005) . In contrast, there are major differences in other aspects of leaf development between mono-and dicots. Two paraloguous loci in maize NARROW SHEATH1/NARROW SHEATH2 (NS1/2) encode homologues to the Arabidopsis PRESSED FLOWER (PRS) gene (Nardmann et al. 2004) . NS1/2 and PRS have maintained their marginal expression domain in lateral organ primordia. The prs mutant phenotype, however, is mostly restricted to lateral sepals of the flower in Arabidopsis, whereas the maize homologues contribute to the specification of a lateral leaf domain at the flank of the shoot apical meristem (SAM) during the vegetative phase (Scanlon 2000) . Some remarkable differences exist between meristems of dicots and monocots. In dicot species including Arabidopsis, the SAM appears to be three-layered, with a tunica comprised of two clonal layers (L1 + L2) and the corpus commonly designated as the L3 layer (Szymkowiak and Sussex 1996, Evans and Barton 1997) . In contrast, monocots such as maize have only one histologically apparent single tunica layer (L1) and the inner corpus (Abbe, Phinney, and Baer 1951, Steffensen 1968) . Radially, in the Arabidopsis SAM, the central stem cell zone can be distinguished from the peripheral zone, where cells begin to differentiate. Vegetative leaves in Arabidopsis originate from few founder cells specified in a spiral phyllotaxy in the peripheral zone (Irish and Sussex 1992) , whereas in contrast, the maize leaf may be traced back to approximately 200 leaf founder cells (Poethig 1984) , which are recruited from the whole circumference of the shoot apex and give rise to a decussate phyllotaxy.
The maintenance of pluripotent stem cells in the shoot apical meristem (SAM) of Arabidopsis depends on the WUSCHEL/CLAVATA feedback loop. The WUSCHEL (WUS) homeobox gene provides a key function for the maintenance of stem cell homeostasis in the shoot apical meristem (SAM; Mayer et al. 1998) ). WUS acts cell-autonomously and gene expression is restricted to a few cells in the L3 layer considered to be the stem cell organizing centre (OC).
Whereas WUS promotes stem cell fate, it is antagonized by CLAVATA (CLV) signalling (Brand et al. 2000) . Acting in a single pathway, three CLV genes (CLV1-3) encode a heterodimeric transmembrane receptor kinase (CLV1/2; Clark, Williams, and Meyerowitz 1997, Jeong, Trotochaud, and Clark 1999) and its corresponding polypeptide ligand (CLV3, (Fletcher et al. 1999) . WUS activity is restricted via CLV signalling via a yet unknown signal transduction pathway (Brand et al. 2000) .
The recent cloning of THICK TASSEL DWARF1 (TD1; Bommert et al. 2005) and FLORAL ORGAN NUMBER (FON1; Suzaki et al. 2004) , CLV1 orthologues from maize and rice, respectively, and of FASCIATED EAR2 (FAE2), a CLV2 orthologue from maize (TaguchiShiobara et al. 2001) , has suggested that CLV signalling is conserved in monocots. The expression patterns of these genes as well as the phenotypes of corresponding loss-of-function mutants, however, imply major modifications in the control of meristem size in grasses. In Arabidopsis, CLV1 transcription is confined to the L2 and L3 layers of the SAM throughout the plant life cycle (Clark, Williams, and Meyerowitz 1997) . In contrast, TD1 transcripts are not detected in the vegetative SAM but found in early leaf primordia (Bommert et al. 2005) .
During the reproductive phase, however, TD1 is transcribed throughout the inflorescence meristem (IM), the descending spikelet-pair meristems (SPMs), spikelet meristems (SMs) and floral meristem (FMs). During later stages of floral development, TD1 transcripts accumulate in differentiated organs such as glumes, lemma and palea, reminiscent of the expression pattern in leaf primordia during vegetative phase (Bommert et al. 2005) . Similarly, the rice orthologue FON1 is transcribed throughout the FM but also in differentiated lateral floral organs (Suzaki et al. 2004) .
As CLV1 signalling is thought to restrict WUS activity, the differences in the transcription patterns of CLV1 orthologues between maize and rice or Arabidopsis raised the question whether the expression pattern of WUS orthologues in grasses was also conserved. WUS is the founding member of the so-called WOX (WUS homeobox) gene family encoded by 15 genes in the Arabidopsis genome (Haecker et al. 2004) . Here, we describe the identification of WUS orthologues in maize and rice by a detailed phylogenetic comparison of the WUS/WOX gene family between the dicots Arabidopsis thaliana and Populus trichocarpa and two monocot species Oryza sativa and Zea mays. The allotetraploid maize genome contains two WUS paralogues (ZmWUS1 and ZmWUS2), whereas a single WUS orthologue is present in the smaller rice genome (OsWUS). Consistent with TD1/FON1 expression data, the expression patterns of WUS orthologues in both grass species imply that major changes during angiosperm evolution have occurred and raise doubts about the uniqueness of the WUS/CLV antagonism in the maintenance of the shoot stem cell niche in grasses.
Material and methods

Cloning of ZmWUS1 and ZmWUS2
To amplify the homeobox of the maize WUS orthologues, PCR was performed on genomic DNA of Rscm2 maize using the primer pair ZmHD1 (5´-TGGACICCIACIACIGARCARAT-3´) and ZmHD2 (5´-GCYTTRTGRTTYTGRAACCARTARAA-3´). Isolation of total RNA followed the protocol of Chomczynski and Sacchi (1987) , rapid amplification of the 3´-cDNA ends was then performed on RNA of Rscm2 female inflorescences with primers corresponding to the homeobox using the FirstChoice TM RLM-RACE Kit (Ambion) according to the manufacturer´s protocol; 3´-RACE was performed with primers ZmWUSa (5´-CTCTACTACGGCTGCGGCATCC-3´) and ZmWUSb (5´-GACAAGATCGAGGGTAAGAAC-3´). Analysis of the 3´-RACE products revealed 3´-ends of two different genes we named ZmWUS1 and ZmWUS2. For 5´-RACE, primers specific for ZmWUS1 were used: ZmWUS1a (5´-CAATCGGAACTCGTGTCCAGCATCAC-3´) and ZmWUS1b (CAATCGGAACTCGTGTCCAGCATCAC-3´). 5´-RACE for ZmWUS2 was performed with the primers ZmWUS2a (5´-CCATTATCGTGTCCGACGACGAGAAG-3´) and ZmWUS2b (5´-CATGTAGTCCTGCAGGAAGCATGTCTC-3´).
All PCR products were cloned into pCRII TOPO (Invitrogen) and sequenced. ZmWUS2 was mapped to chromosome 10, between markers bnlg1450 and asg19b using the DNA Kit of 94 IBM Lines (http://www.maizemap.org/dna_kits.htm). program was used for phylogenetic and molecular evolutionary analyses based on the Maximum Likelihood method. Sequences selected for the phylogenetic tree in Figure 1A are as follows (accession numbers in parentheses): ZmNS1 (AJ536578); ZmNS2 (AJ472083) and OsWOX5 (Q8WOF1); AtWOX1 -AtWOX14 as published recently (Haecker et al. 2004 ).
Computational and database analysis
Accession numbers for the remaining homeodomains are listed in 
In situ hybridization
For nonradioactive in situ hybridization, samples were prepared following the protocol of Jackson (1991). For sections of maize embryos, kernels were trimmed on both sides of the embryo axis for better penetration of the formaldehyde fixative and the wax solution. Paraffin embedded tissue was sectioned by the use of the Leica RM 2145 rotary microtome and 7 !m sections were used for hybridization. Probes for in situ hybridization were cloned either in sense or antisense orientation to the T7 promoter and then used as a template for synthesis of digoxigenin-labeled RNA probes by T7 RNA polymerase as described (Bradley et al., 1993) .
In situ probes for the grass WUS genes were chosen to contain sequences downstream of the homeobox and amplified via PCR: ZmWUS1 pos. 294 -951 of accession AM234744, ZmWUS2 pos. 267 -978 of accession AM234745, OsWUS pos. 435-870 of accession AB218894. In situ probes for TD1 and FON1 were used as published (Bommert et al. 2005) ; (Suzaki et al. 2004 ). The probe for Kn1 corresponded to the mRNA sequence of accession AY312169 (Vollbrecht et al. 1993) .
Light microscopy and image processing
Images were taken using an Axioskop microscope equipped with an Axiocam camera (Zeiss, Germany). Pictures were processed using Adobe ! Photoshop ! version 7.0.
Results
WUS orthologues in rice and maize
Whereas members of the WUS/WOX gene family from rice could be identified from the genome sequence (Goff et al. 2002) , the maize family members had to be isolated using a combinatorial approach: firstly, RT-PCR was performed on cDNAs prepared from immature embryos, roots, shoots, and inflorescences with degenerate primers designed to amplify the conserved homeodomain-encoding sequences of WUS/WOX relatives (Haecker et al. 2004 ).
Secondly, the available maize genome sequences were screened for WUS/WOX homeodomain encoding sequences. In total, 16 members of the WUS/WOX gene family were identified and subjected to phylogenetic analyses based on the homeodomain (HD) amino acid sequence (Fig. 1A ). In addition to the identified rice members, the newly identified maize (Zm: Zea mays) genes and the founding Arabidopsis thaliana (At) family members, we included the WOX homeodomain sequences from a second dicot Populus trichocarpa (Pt).
Similar to the rice genome (Goff et al. 2002) , the populus genome has been fully sequenced http//genome.jgi-psf.org/poplar) and therefore should provide the full WOX gene complement.
The resulting phylogenetic tree unambiguously reveals two WUS paralogues to exist in maize,
ZmWUS1 and ZmWUS2 and a single orthologue in rice, OsWUS. All three monocot WUS genes group within one unique sub-branch together with their two dicot orthologues, AtWUS and PtWUS. Only members of this WUS branch encode HDs with the typical extra tyrosine residue in the loop between helix 1 and helix 2 (Fig. 1B) . The amino acid similarity between ZmWUS1 or ZmWUS2 and AtWUS of Arabidopsis is 83 or 85%, respectively and the similarity is higher when compared with OsWUS (97% in each case). We also included two recently identified WUS orthologues, ROA (ROSULATA; Kieffer et al. 2006 ) and TER (TERMINATOR; (Stuurman, Jaggi, and Kuhlemeier 2002) from the dicot species Antirrhinum majus and Petunia hybrida, respectively, in this alignment. Even between the dicot species there is little sequence conservation between the WUS orthologues outside the HD apart from a few short motifs: an acidic domain, the WUS-box of unknown function (Haecker et al. 2004 ) and an EAR-like (ERF-associated amphiphilic repression) domain (Ohta et al. 2001) . The EAR-like domain is only found in WUS and its orthologues ROA and TER
and not in other members of the WOX family in Arabidopsis. The presence of this domain in ZmWUS1, ZmWUS2 and OsWUS, therefore, is further evidence for their being WUS orthologues in these monocot species.
We were not able to identify polymorphisms in coding or immediate upstream and downstream sequences of ZmWUS1 in different mapping populations and were therefore unable to map the gene so far. The map position of ZmWUS2 resides in a region on chromosome 10 which is duplicated on chromosome 2. The duplication of the maize genome is also evident in the WOX2, 5 or 13 branches, where two maize paralogues group with single orthologues in Oryza, Arabidopsis or Populus (Fig. 1A) . Additionally, the duplicated narrow sheath1 and 2 loci, which encode paralogues of PRESSED FLOWER (PRS) in Arabidopsis support this genome duplication and indicate conserved gene functions, although adapted to grass-or dicot-specific developmental programmes (Matsumoto and Okada 2001; Nardmann et al. 2004 ). Other significant aspects of the phylogeny are that orthologues of AtWOX1, 6, 7, 8, 10 , and 14 are absent in the two grasses, whereas orthologues of AtWOX1, 6 and 7 are found in the second dicot genome (P. trichocarpa). Notably, orthologues of AtWOX8, 10, and 14 are also absent from the Populus genome and for AtWOX10 and At WOX14, no expression was detected in Arabidopsis (Haecker et al. 2004 ). In contrast, however, the transcriptional activity of all maize genes except ZmWOX2B could be confirmed by spliced intron-spanning
RT-PCR amplicons (data not shown).
OsWUS, the single rice WUS orthologue marks leaf margins and is transiently expressed in the SAM
As phylogenetic analyses revealed a single WUS homologue in rice, OsWUS, RNA in situ hybridisations were performed in young rice seedlings which uncovered remarkable differences between the expression patterns of OsWUS and those established for the WUS gene in Arabidopsis (Mayer et al., 1998) . OsWUS transcripts are detected in young leaf primordia with a pronounced preference for lateral leaf margins. Depicted in Fig. 2 A+B are leaf primordia P1, P2 and P3 and highest OsWUS transcript levels are evident at the very tip of P2 and P3 lateral margins. In the centre of the shoot apex where WUS is exclusively expressed in the Arabidopsis SAM, OsWUS transcripts were undetectable in the majority of consecutive sections (total 15) through the rice SAM. However, in a small number of consecutive sections (5 out of 15), OsWUS expression was also detected in the centre of the vegetative SAM in 1-2 sections at the height of the P 0 phytomer (Fig 2A) . This may be best explained by a transient expression of OsWUS in the shoot apex in contrast to the stable OCtype expression pattern of WUS in Arabidopsis. During later stages of phytomer development,
OsWUS is expressed at the abaxial face of emerging axillary meristems (Fig. 2C ).
These differences in expression patterns and the identification of two WUS ortholgues in maize, ZmWUS1 and ZmWUS2, raised questions concerning the expression domains of the maize paralogues and whether there are grass-specific alterations in the WUS expression domains compared to Arabidopsis. The expression patterns of the maize ZmWUS1 and ZmWUS2 differ considerably and will be described separately below.
The ZmWUS1 pattern in the seedling SAM is dynamic
Transcriptional activity of ZmWUS1 was not detected earlier than the coleoptilar stage embryo. ZmWUS1 was transcribed in a few cells underlying the emerging coleoptile ( Fig.   3A+B ) in a domain initially including the L1 layer but later extending to subtending cell layers ( Fig. 3A-C) . Expression then ceased after the initiation of the second embryonic leaf even though the maize embryo develops an additional four leaves prior to seed dormancy.
ZmWUS1 transcriptional activity was again detected in the seedling SAM after germination, although this expression was weak in the centre of the apex with transcript maxima detectable at lateral positions of the apex (Fig. 3D ). Multiple series of longitudinal and transverse sections showed that transcript maxima dynamically differed between opposing flanks of the apex (data not shown). Moreover, consecutive (7 µm thick) transverse sections showed that the height of this ZmWUS1 domain in the centre of the apex changes relative to the apical tip in the course of development, as does the relative height of P 1 and P 0 (Fig. 3E ). The vegetative maize phytomer comprises a leaf attached to a node, an internode and an axillary bud. Although located close to the midrib-position of the subtending phytomer, the axillary meristem clonally relates to the internode above. The lateral ZmWUS1 maxima, therefore, coincide either with the midrib positions of the emerging leaf primordia, P 1 and P 0 or with the positions of the axillary meristems at the opposite face of the apex.
To elucidate the position of the lateral ZmWUS1 maxima, we performed side-by-side in situ hybridisation experiments with a Knotted1 (KN1) probe (Vollbrecht et al. 1993 ). The
ZmWUS1 transcription domains at the height of the P 0 and P 1 phytomers in the shoot apex are shown in Fig. 3E , which also depicts adjacent sections hybridized with the KN1 probe. The P 1 sections in Figure 3E show a down-regulation of KN1 expression at the left flank of the SAM corresponding with the midrib of the emerging P 1 leaf. ZmWUS1 activity is absent in these primordial cells but overlaps with the KN1 expression in a central domain of the apex.
However, in a deeper section ZmWUS1 expression extends towards the flank of the SAM opposite to the P 1 midrib. Therefore, ZmWUS1 transcripts are absent in founder cells of the P 1 leaf sheath/blade but are transcribed in cells of the prospective node/internode in the centre of the shoot apex and in the subtending axillary meristem, which is located opposite to the P 1 midrib. Consequently, the expression maxima at the flanks of the apex (see Fig. 3D ) relate to the formation of axillary meristems and not to the specification of leaf founder cells at the prospective midrib position and subsequently, the ZmWUS1 expression domain is confined to the abaxial face of the axillary bud (Fig. 3G ).
In summary, the ZmWUS1 transcription domain in the centre of the shoot apex initiates as a disc-shaped expression domain at the height of the new P 0 phytomers which is reminiscent of the transient expression of the single OsWUS orthologue in the centre of the rice apex. The expression of ZmWUS1 in these cells either persists or is reactivated during subsequent phytomer development, shifting to deeper layers of the SAM. The transcription domain extends laterally to the position of axillary meristems in P 1 (Fig. 3F) . Transcription ceases thereafter, except for activity in axillary meristems (Fig. 3G) . lateral leaf domains with a maximum of expression at the marginal tip (Fig. 4B) , whereas transcription is undetectable in the SAM. In consequence, ZmWUS2 is transcribed in a similar expression pattern to that of the single OsWUS orthologue in young leaf primordia, which also exhibits a maximum in lateral leaf margins. As monitored by cyclinB gene expression (data not shown), the ZmWUS2 expression pattern in fully detached P 2 or P 3 leaf primordia showed a significant correlation with ongoing cell divisions in lateral leaf domains or growth zones residing along the proximal-distal axis (Sylvester, Cande, and Freeling 1990) . Notably, ZmWUS2 transcripts as well as those of ZmWUS1 and OsWUS were detected at the position of axillary meristems and were confined to the abaxial face of the axillary bud (Fig. 4C) .
WUS expression patterns in comparison to the expression domains of CLV1 orthologues in maize and rice
The number of stem cells in the Arabidopsis SAM is controlled through CLV signalling.
Since TD1 and FON1 have been identified in maize and rice, respectively, (Suzaki et al. 2004 , Bommert et al. 2005 to be orthologues of CLV1 in Arabidopsis, we therefore compared the TD1 and FON1 expression patterns during the vegetative phase with those of the ZmWUS1/ZmWUS2 paralogues or the single rice orthologue OsWUS.
In maize, longitudinal and transverse sections through the seedling plumule show TD1 transcripts in a ring-shaped expression domain in outer cell layers of the SAM and in lateral domains of the P 1 leaf (Fig. 4D+E) . In older leaves, transcripts were confined to the lateral leaf margins as observed for ZmWUS2 (compare Fig. 4B to 4E ). In longitudinal sections, the highest ring of the TD1 expression domain corresponds to the positions of the P 0 phytomer (Fig 4D) . From side-by-side comparisons with KN1, it is evident that TD1 transcripts are detected in a mutually exclusive expression pattern compared to that of KN1 in P 0 and P 1 (Fig.   4G ). Therefore, the ZmWUS1 expression domain, which is located within the KN1 domain in P 0 or P 1 (compare Fig. 3E ) hardly overlaps with transcriptional activity of TD1. However, the TD1 expression pattern significantly overlaps with that of ZmWUS2 in P 1, both in the outer cell layers of the apex and in prospective lateral leaf domains (compare Fig. 4F with 4A ).
Especially striking is the co-expression of TD1 and ZmWUS2 in lateral leaf margins during subsequent leaf development.
A similar transcription pattern is observed for FON1 in the rice seedling apex: FON1 transcripts are absent from the apical tip and in the central rib zone of the SAM but similar to TD1, are found in outer cell layers of the apex at the height of the new phytomer ( Fig. 4H-J ).
This expression pattern contradicts that initially published for the rice seedling SAM (Suzaki et al. 2004 ). This discrepancy may reside in median versus lateral sections -see complete series in supplementary material) but the FON1 expression data are highly consistent and fully agree with those of TD1, the maize orthologue. Both are consistent with transcriptional activity of grass CLV1 orthologues in peripheral layers of the shoot apex, in prospective primordial cells but not in central domains of the SAM. According to their transcription patterns, neither FON1 nor TD1 are therefore prone to control pulses of OsWUS activity or the dynamic ZmWUS1 expression in the centre of the vegetative apex in rice or maize, respectively.
The rice FON1 expression data also substantiate a possible antagonism with OsWUS in leaf margins because similar to TD1/ZmWUS2, the rice CLV1 orthologue FON1 is expressed at the margins of leaf primordia (Fig. 4J) . In both grass species, WUS and CLV1 orthologues are therefore preferentially transcribed in lateral domains of young leaf primordia, which at this early stage of development still have to expand laterally to enclose the apex. Later in development in both grass species, the transcription patterns of CLV1 and WUS orthologues have not diverged but consistently focus to leaf margins, which may be best explained by corecruitment.
The expression patterns of CLV1 and WUS orthologues in grasses merge during reproductive development
The architecture of the maize inflorescences is complex and spikelet pair meristems (SPM), spikelet meristem (SM) emerge before lastly floral meristems (FM) are initiated (Fig. 5A) ; secondary axes in the male tassel are due to the activity of early branch meristems (BM). Both maize WUS paralogues show meristem-specific expression during the reproductive phase ( Fig. 5B-G) , however, significant differences exist between ZmWUS1 and ZmWUS2.
Although active in axillary meristem anlagen (see Fig. 3G ), no ZmWUS1 expression was detected in the mature inflorescence meristem (IM) of the male tassel or the female ear (Fig.   5D ). ZmWUS1 transcripts were found in the descending spikelet pair (SPM), spikelet (SM) and floral meristems (FM) (Fig. 5B+C) . In SPMs, SMs and early FMs, ZmWUS1 transcription is confined to a small OC-type central domain (Fig. 5B ) such as is observed in the early embryo. In the late FM, the ZmWUS1 expression domain extends towards the L1 layer similar to the shift of WUS expression from the L3 layer in the IM to the L2 layer in the FM in Arabidopsis (Mayer et al. 1998 ). The expression pattern, therefore, reflects histological differences between one or two tunica layers in maize and Arabidopsis meristems, respectively. Later in female flower development, ZmWUS1 expression was detected in the outer cell layers of the gynoecium in the upper floret and still simultaneously in the centre of the lower floret (Fig. 5C ), which subsequently aborts in the female ear inflorescence.
In contrast, ZmWUS2 transcripts are found in the IM (Fig. 5G ) often with a slight preference for the L1 layer and with mRNA being evenly distributed through tunica and corpus of descending SPMs, SMs or FMs (Fig. 5E+F ). This pattern of ZmWUS2 expression closely resembles that of TD1 (Bommert et al. 2005 OsWUS is expressed in rice BMs (Fig. 5H ) and as for ZmWUS2 in the maize IM, exhibits some preference for the outer L1 layer. The L1 preference is lost in the FM where OsWUS expression was detected uniformly through the meristem (Fig. 5I) The recent identification of ROSULATA (ROA), which encodes the WUS orthologue in
Antirrhinum majus also confirms that in dicots, ROA is not only involved in SAM maintenance but also acts outside the SAM (Kieffer et al. 2006 ). In the roa mutant, the petioles of leaves are frequently ventralized or appear radially symmetrical and the leaf blades are less expanded than in wild type. roa mutants also have short internodes, which are comparable to deficiencies in the elongation of internodes in wus-1 mutant inflorescences in
Arabidopsis. WUS functions in dicots therefore contribute to the elongation of the shoot axis, which could relate to ZmWUS1 transcriptional activity within the SAM during development of the maize leaf phytomer. in td1 or fon1 loss-of-function mutants provide evidence for meristem enlargement (Suzaki et al. 2004; Bommert et al. 2005) Conforming to the stem cell concept in Arabidopsis, excessive WUS activity could explain the meristem enlargement in clv mutants (Schoof et al. 2000, Waites and . However, differences in the expression patterns of maize WUS paralogues could not be detected in the td1 mutant background (data not shown), whereas WUS expression shifts from the L3 to the L2 layer in Arabidopsis (Schoof et al. 2000) . This may relate to differences in the shoot meristem architecture between maize and Arabidopsis. Whereas the OC-type WUS-expression domain in the Arabidopsis SAM subtends a two-layered tunica, maize meristems possess only a single tunica layer (Abbe, Phinney, and Baer 1951: Steffensen 1968) . High levels of TD1 or 
Grass
The evolution of the stem cell niche and WUS/CLV1 coexpression
The present data set based on two grass species raises concerns about the general applicability of a concept based on two major signalling pathways to control stem cell homeostasis in the shoot as is suggested by the WUS/CLV antagonism in Arabidopsis. The similarity between the various rice and maize expression patterns implies that the differences existed prior to the separation of the two grass lineages Oryzoideae and Panicoideae and may be specific for grasses. It would be intriguing to establish the WUS/CLV expression patterns in the third grass radiation, the Pooideae. However, information pertaining to an even more ancestral situation would be obtained from analysis of presumptive basal angiosperms such as Amborella, considered to be a sister to both the dicot and the monocot lineage of angiosperms (Qiu et al. 1999; Soltis, Soltis, and Chase 1999) . A likely scenario is that stem cell homeostasis in an ancestral angiosperm precursor involved multiple pathways acting in parallel to specify stem cell fate and to maintain the stem cell niche. Recent data from Arabidopsis support this view, where STIMPY (STIP or WOX9) and SPLAYED (SYD) act through WUS and presumably contribute to the stem cell promoting pathway (Wu, Dabi, and Weigel 2005; Kwon, Chen, and Wagner 2005) . Interestingly, our phylogenetic analysis revealed three WOX9 orthologues to exist in maize and two in rice, which may contribute similar or additional functions.
Alternatively, the class III AtHD-Zip protein CORONA (CNA) acts in parallel to CLV signalling and thus independently limits stem cell number (Green et al. 2005) . These data indicate that redundantly acting pathways are functional in Arabidopsis and the maintenance of stem cell homeostasis in the SAM by WUS/CLV signallingmay represent only one outcome of evolutionary selection. In an ancestral angiosperm species, the expression of WUS and CLV1 orthologues may consequently have been restricted to developing new phytomers without affecting stem cell homeostasis in the shoot apex. Co-transcription of ZmWUS2/TD1
and OsWUS/FON1 throughout the plant life cycle and the accompanying changes from leafassociated to meristem-specific patterns suggest that the entire feedback loop may be an ancient phenomenon. In summary, the transcription patterns of WUS and CLV1 orthologues in maize and rice imply that the feedback mechanism controlling stem cell homeostasis in the Arabidopsis SAM has been subject to significant adaptations in the course of plant speciation. The recruitment of Note the L1 layer preference in the PBM relative to FM. St: stamen; ig/og: inner/outer glume.
